Topological insulators are a new phase of matter that behaves as an insulator in its interior but supports backscattering-immune conduction of electrons on its surface 8 . Originating from condensed-matter physics, similar concepts have entered the realms of optics 9, 10 , acoustics [11] [12] [13] , and mechanics [14] [15] [16] [17] [18] , and have overturned some of the traditional views on wave propagation and manipulation. Without breaking the time-reversal symmetry, topological insulators can be realized by resorting to a spin [1] [2] [3] [4] [5] [6] [7] or valley-pseudospin [19] [20] [21] [22] [23] [24] [25] degree of freedom. In addition to the spin or valley-pseudospin, orbital is another fundamental attribute of Bloch waves which describes the spatial distribution of wave functions inside the unit cell of crystals. Harnessing this additional orbital degree of freedom in topological insulators will enable novel functionalities beyond conventional backscattering-immune transport on edges. However, the orbitals of electrons in condensed matter have limited options due to constraint of materials and lack of controllability over the Coulomb force of atomic nucleus. For example, the well-known quantum spin Hall (QSH) topological insulators based on HgTe/CdTe quantum wells adopt energy bands with the typical sand p-orbitals 1 . In the photonic and phononic domains, manipulation of orbitals is feasible because the crystal configuration can be engineered arbitrarily. However, implementation of photonic and phononic topological insulators requires careful considerations of crystalline symmetries and thus imposes strict limitations on the orbitals. For example, photonic and phononic QSH topological insulators under the Brillouin-zone-folding scheme can only adopt the energy bands with the typical p-and d-orbitals 2, 6 .
Here, we invented and experimentally demonstrated a new type of topological insulators with an auxiliary orbital degree of freedom based on a 2D nanomechanical crystal (Fig. 1a) . The devices were fabricated on a silicon-nitride-on-oxide wafer by first etching small holes in the silicon nitride layer and then partially removing the underlying silicon oxide. Positions of the etched holes were 3 carefully engineered such that the suspended silicon nitride membranes formed a hexagonal lattice with a period of |a1| = |a2| = 21 μm, where a1 and a2 are the basis vectors (Fig. 1a) . Each unit cell (white dashed line in Fig. 1b ) contains six nanomechanical membranes, which can be classified into two groups (labeled with different colors in Fig. 1b) due to the C3 rotational symmetry. The geometries of these two groups of membranes are determined by the relative positions of the etched holes (r1, r2) = (r0 -δi + δt, r0 -δi -δt/2) and (r3, r4) = (r0 + δi + δt, r0 + δi -δt/2) with r0 = 3.34 μm.
Nonzero values of δi and δt break the C2 inversion symmetry and T p translational symmetry along the vector P (white arrow in Fig. 1b ), respectively. It should be noted that in the previously demonstrated QSH insulators [2] [3] [4] [5] [6] [7] , preservation of the C2 inversion symmetry was thought necessary to render the Kramers doubling for phonons. Consequently, the orbitals of phonons must satisfy the C2 inversion symmetry with either odd or even parities, which correspond to the conventional p-or d-orbitals respectively. Here we explored a more generic type of topological insulators in a 2D parameter space (δi, δt) (Fig. 1c) , where both the C2 inversion symmetry and T p translational symmetry are broken.
The 2D parameter space in Fig. 1c can be defined with the polar coordinates (δ0, θ) according to the relationship (δi, δt) = δ0•(cosθ, sinθ). By solving the Euler-Bernoulli equation at the Γ point of the first Brillouin zone, we found that there always exist two pairs of degenerate eigenstates
, where K is the complex conjugate operator. Under the tight-binding approximation, these states can be decomposed as
where the orbital states |u n θ and spin states s n, describe the spatial amplitude distribution and chirality of the eigenstates ψ n, θ (n = 1, 2) respectively (see Supplementary Information).
Fixing the parameter δ0 = 300 nm, we calculated the modal profiles of ψ n, θ (n = 1, 2) and found that their orbital states |u n θ (n = 1, 2) are uniquely determined by θ (Fig. 1c) . The calculated eigenfrequencies ω n, (θ) (n = 1, 2) at the Γ point exhibit a doubly degenerate cone-like dispersion in the entire 2D parameter space (Fig. 1d) , indicating that variation of orbital states |u n θ (n = 1, 2) with different values of θ has negligible influence on the degeneracy at the Γ point. Indeed, values were also experimentally demonstrated (see Supplementary Information).
Next, we characterized the propagation properties of the topological edge state along a Zshaped domain wall (Fig. 3a) . The nanomechanical crystals in the upper and lower regions (labeled with different colors in Fig. 3a) adopted the same parameters (δ0 = 300 nm, θ = θ0 = π/4) and (δ0 = 300 nm, θ = θ0 + π = 5π/4) as those in Fig. 2 . The measured amplitude distribution of the elastic waves at the frequency of 48.06 MHz (Fig. 3b) shows that the topological edge state is tightly confined to the domain wall and propagates smoothly through the sharp bends. Figure 3c shows the experimental amplitude spectra of elastic waves measured at selected spots near (points A-C in (θ = 0) and region II (θ = π) suffered from strong scattering. Figure 4h shows the experimental spectra measured at points A-C in Fig. 4f . They also confirm that a large portion of the elastic waves was scattered into the undesired domain wall (blue dashed line in Fig. 4f ). These experimental results have clearly shown that the topological insulators with an auxiliary orbital degree of freedom can be exploited for realizing functionalities beyond conventional backscattering-immune transport on edges.
In 
